Abstract. To address the problem of the health impacts of unsafe drinking water, methods are needed to assess microbiologic contamination in water. However, indicators of water quality have provided mixed results. We evaluate five assays (three for Escherichia coli and one each for enterococci and somatic coliphage) of microbial contamination in villages in rural Ecuador that rely mostly on untreated drinking water. Only membrane filtration for E. coli using mI agar detected a significant association with household diarrheal disease outcome (odds ratio = 1.29, 95% confidence interval = 1.02-1.65 in household containers and odds ratio = 1.18, 95% confidence interval = 1.02-1.37) in source samples. Our analysis and other published research points to the need for further consideration of study design factors, such as sample size and variability in measurements, when using indicator organisms, especially when relating water quality exposure to health outcomes. Although indicator organisms are used extensively in health studies, we argue that their use requires a full understanding of their purposes and limitations.
INTRODUCTION
Contaminated drinking water is a major contributor to the problem of diarrheal disease, which continues to plague children worldwide. Despite improving trends, diarrhea still accounts for 2.5 million annual deaths of children worldwide. 1 To address the problem of unsafe drinking water, methods are needed to assess what constitutes good quality versus contaminated drinking water. In this report, we compare water quality data collected from communities in rural northern coastal Ecuador by using a variety of standard techniques and indicator organisms to provide recommendations for the use of indicator data as a measure of infectious disease health risk in untreated drinking water.
Rather than directly assessing presence of pathogens in water, indicator organisms characteristic of fecal contamination are used as a proxy measure of a recent fecal contamination event. To date, epidemiologic studies have found weak relationships between drinking water quality at the point of use and incidence of diarrheal disease. 2, 3 This lack of evidence to support a clear relationship between microbial contamination of household drinking water and diarrheal disease may be caused by the importance of other transmission pathways in spreading pathogenic organisms, or may be caused by difficulty in measuring microbial contamination of water by using indicator organisms. Interventions to improve water quality have been associated with reductions in diarrheal illness, 2, 4, 5 suggesting that measurement issues may be a contributing factor.
The difficulty in finding associations between indicator organisms and health outcomes highlights the challenges in water quality research. Methods for assessing the microbiologic quality of water were developed in temperate areas of the world, and have subsequently been expanded geographically, to developing country settings that are often located in tropical areas, and to evaluate other endpoints. This expansion has been carried out despite differences in physio-chemical and microbiologic characteristics of source waters, and social and economic differences in tropical and temperate locations. 6 In tropical regions, where diarrheal disease poses the biggest health burden, the organisms that practitioners have traditionally used to assess fecal contamination of waterways (total and fecal coliforms, Escherichia coli, enterococci) have been found to naturally occur in tropical areas, bringing into question their utility as indicators of fecal contamination. [6] [7] [8] [9] [10] In addition, the application of indicator organisms to evaluate microbiologic contamination of water as a proxy for health outcomes is not warranted, given the lack of evidence to support these associations.
We report on a study that we carried out in rural coastal Ecuador to evaluate a suite of indicators of water quality for health research in tropical developing country settings. We present data on associations between water quality and diarrheal disease to illustrate the utility and limitations of water quality indicators in this and other tropical developing country settings. We discuss some of the reasons why it has been difficult to establish relationships between concentrations of indicator organisms in untreated drinking water and health outcomes. We evaluate the utility of indicators in field situations, where ideal laboratory conditions may not exist. Lastly, we point to applications where indicator organisms can provide useful insights, despite their limitations, such as assessing treatment efficacy, household recontamination, or comparative studies in water bodies with similar background levels of contamination.
The results of our study point to the importance of careful consideration of the research questions and appropriate sample size when designing a study to evaluate water quality, especially when relating water quality exposure to health outcomes. Although indicator organisms are used extensively in health studies, we argue that their use requires a full understanding of their purposes and limitations.
MATERIALS AND METHODS
Study site. The study area was in northern coastal Ecuador in the province of Esmeraldas, Canton Eloy Alfaro. The *Address correspondence to Karen Levy, Department of Environmental Health, Emory University Rollins School of Public Health, 1518 Clifton Road NE, Atlanta, GA 30322. E-mail: karen .levy@emory.edu 125 villages in this region are situated along the Santiago, Cayapas, and Onzole Rivers, all of which drain into the major population center of Borbó n. Little sanitation infrastructure exists in these communities. Although some persons use private or community latrines, in household surveys that we have carried out, 60% of persons report that they dispose of human waste out in the open by digging a hole or directly into the rivers. These same rivers serve as the primary water source for 68% of households in the region, and 60% of households report drinking their water without treating it. High rates of diarrheal disease have been observed in this study area.
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Sample collection. Water samples were collected in six villages: two with a simple piped water system that transports untreated surface water, two that rely on unimproved surface water from fast-flowing rivers, one that relies on unimproved surface water from a small stream, and one with a more extensive water distribution system. In this last town (Borbó n), a more advanced water treatment plant was installed between the first and the second sampling visits. In addition to their primary water source (tap or surface water), some villagers also use simple wells and/or collect rainwater as source waters for drinking. Samples were collected from sources identified as source waters by household members and from storage containers within the house. The number of samples collected from each type of source (both directly from the source and from storage containers in the household) is shown in Village and household water samples were collected in conjunction with a case-control study of diarrhea incidence in each village (for details on the study, see Eisenberg and others 11 ). Each village was visited for 15 days and during this period all cases of diarrhea (defined as three loose stools in a 24-hour period) were identified through daily visits to the households in the community. For every household with a case of diarrhea, a control household without a case of diarrhea was randomly selected from a subset of the households with non-symptomatic persons enrolled in the case-control study. Household drinking water samples and source water samples were collected for as many case and control households as possible ( Table 2 ). The Institutional Review Boards of the University of California at Berkeley and Universidad San Francisco de Quito approved all contact with human subjects.
Sample processing. Samples were collected in a manner consistent with the way users collect and serve their drinking water. All samples were collected in Whirl-Pak bags (Nasco, Fort Atkinson, WI) and kept on ice until processed within 24 hours. A field laboratory was set up in a house or health dispensary in the villages in which samples were collected by using a bunsen burner inside a modular field hood made from plexiglass and metal to avoid contamination. Enterococci plates were incubated at 41 ± 2 C by using an egg incubator and generator where electricity was not available, and E. coli plates were incubated at ambient temperatures (30 ± 2 C). Agar plates were poured at a microbiology laboratory in Quito, wrapped individually in Parafilm (Pechiney Plastic Packaging Co., Chicago, IL), packaged in plastic bags, and then transferred to the field site in coolers. Five assays of water quality were used: Petrifilms (3M, St. Paul, MN) for E. coli, membrane filtration for E. coli using m-Coliblue medium (Millipore, Billerica, MA) and mI agar (BD Difco, Sparks, MD), membrane filtration for enterococci by using membrane filtration with membrane Enterococcus indoxyl-β-D-glucoside agar (mEI agar; BD Difco), and double-layer somatic coliphage using CN-13 E. coli as the host strain (ATCC no. 700609).
It should be emphasized that testing was optimized for limitations on space during transport by bus, car, and dugout canoe. This feature is not a trivial concern when considering the types of conditions involved in setting up a field laboratory. Financial considerations may also be a concern in a developing country context. Thus, the indicator assays chosen were the best suite of indicators given the constraints of our study, which may be representative of constraints of other studies carried out in similar contexts. Below we further describe the assay techniques used.
Petrifilms. Petrifilm E. coli/total coliform plates consist of plastic films with grids that are coated with gelling agents and violet red bile nutrients, an indicator of glucuronidase activity. Petrifilms were inoculated with 1 mL of water spread over the gel and incubated for 24 hours at 30 ± 2 C. Blue colonies were counted as E. coli. Membrane filtration. A sample of water was passed through a 47-mm diameter 0.45-µm cellulose filter (Millipore) and then rinsed with a phosphate-buffered saline solution (pH 7.4 ± 0.2) before transferring to a growth medium plate. The stainless steel membrane filtration apparatus (Millipore) was dipped in alcohol, flame-sterilized, and cooled between each sample. Growth medium used included mEI agar (BD Difco; prepared according to Environmental ProtectionAgency (EPA) Method 1600), 15 mI agar (BD Difco; prepared according to EPA Method 1604), 16 and m-Coliblue (mCB) ampules (Millipore). 17 Results were read after 24 hours of incubation at 30 ± 2 C (E. coli) and 41 ± 2 C (Enterococcus spp.). Coliphage. A 2-3-mL sample of water was mixed in a sterile tube with three drops of CN-13 E. coli (ATTC no. 700609), which was grown overnight in tryptic soy broth with 0.01% naladixic acid (Acros). Glass tubes containing 7 mL of 0.7% tryptic soy agar plus 0.2% MgSO 4 were heated in a water bath and allowed to cool to approximately 50 C before adding 0.07 mL of a 0.01% solution of naladixic acid. The water and E. coli mixture was then added to the agar, agitated, and poured over 100 + 15-mm plates of 1.5% tryptic soy agar containing 0.2% MgSO 4 and 0.01% naladixic acid. Plates were sealed with Parafilm, inverted, and incubated at air temperature (30 ± 2 C). Results were read after 18 and 24 hours of incubation. These methods were based on the enumeration procedure described in EPA Method 1601. 18 Volume of water filtered. As noted above, logistical limitations of the research context limited the amount of supplies that could be transported to the field, requiring optimization of protocols for testing the water samples. Thus, serial dilutions were not possible because of the multiple tubes that would have been required to transport, and also because of considerations of tradeoffs between total numbers of samples versus the need for duplication of assays. Thus, in most cases, only one volume was processed for each sample.
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For most (62-76%, depending on the culture media) sample, a volume of 10 mL was filtered through the membrane filtration unit. To minimize non-detectable results, if a sample was suspected of being particularly clean (rain water, treated drinking water), a volume of 50 mL was filtered; this occurred in 15-25% of samples (depending on the culture media). To minimize the number of results too numerous to count (TNTC), if a sample was suspected of being particularly contaminated (based on previous samples from the same source), a smaller volume (usually 5 mL but in a few cases 1 mL) was filtered; this occurred in 8-22% of samples. If the level of contamination was uncertain, more than one volume was filtered for the same sample; this only occurred in only 1% of samples. In these cases, if one of the volumes tested had a result of zero or TNTC, only the sample in the countable range was included in the analysis. If both results were in a countable range, or if both resulted in a count of zero, the result for both volumes were summed and divided by the total volume sampled. If both were TNTC, then the smaller volume was used in the denominator. In the case of petrifilms, if a sample was expected of being particularly clean, the test was carried out in triplicate; this occurred in 24% of samples. The results of the three tests were summed and divided by 3 mL. In the case of coliphage, a volume of 2 mL (23% of samples) or 3 mL (77% of samples) was used.
In all cases the number of colony-forming units (CFU) or plaque-forming units was normalized by the volume of water processed, and multiplied by 100 to obtain a standardized total count per 100 mL. Non-detected results were included in the analysis as half of the lower detection limit. A value of 450/ plate was assigned to the TNTC results because the highest reported count was 400/plate. Note that these values for the lower and upper detection limits varied depending on the volume of water processed. For petrifilms, possible results therefore ranged from 16.7 CFU/100 mL (halfway between zero and the lower detection limit of 1 CFU/3 mL + 100 mL) to 45,000 CFU/100 mL (the upper limit of 450 CFU/1 mL + 100 mL), whereas for the membrane filtration techniques, possible results ranged from 1 CFU/100 mL (halfway between zero and the lower detection limit of 1 CFU/50 mL) and 9,000 (the upper limit of 450 CFU/5 mL + 100 mL). The choice of volume to process was based on knowledge of the sample to limit the number of non-detected or TNTC results. Of the samples processed with volumes 10 mL, only 1-3% (depending on the culture media) reached the upper detection limit, and only 0-2% of the samples processed with volumes 10 mL reached the lower detection limit. Thus, the decision to sample a smaller or larger volume and the resulting change in the range of detectable values did not affect a large number of samples. The effect of the variability in volume of water filtered in the different assays is further discussed below.
Quality control. Some basic quality control measures were used. Daily negative controls were used with each test, and if contamination was detected the results for that assay were not used for that day; this occurred only for the coliphage assays. A duplicate of one randomly selected water sample was carried out for all tests for half of the days when laboratory work was carried out. To test the specificity of the assay for the organism being tested, several isolates were subjected to further testing. Of 117 E. coli isolates, 95% (111) were also positive for E. coli by using the Colilert (IDEXX, Westbrook, ME) presence/ absence test, which is based on activity of β-glucuronidase. Using Kovac's reagent, which tests for the ability to cleave indole from tryptophan, 91% (49 of 54 isolates) were confirmed as E. coli. Following the procedures outlined in EPA Method 1600, 15 we determined that 76% (28 of 37 isolates grown on mEI agar) were enterococci.
Evaluation of results. Indicators were evaluated for performance on the basis of their association with diarrheal disease and other considerations, as outlined below. All analysis was carried out using STATA 9.0 (Stat Corp., College Station, TX).
Associations with disease. Household exposure was examined with logistic regression at several levels: 1) for samples of source water only; 2) for samples of water from the source and from household storage containers combined; 3) for only samples from household storage containers; and 4) for only samples from household storage containers identified by household members as drinking water. If exposure to indicator organisms at the household level were associated with increased diarrheal disease, we would expect the logistic regression to result in an odds ratio above unity. We would also expect an increase in this association from levels 1 to 4 as water type becomes more specific to drinking water consumed in the home.
Because more than one sample was often collected for the same household and case was defined at the household level, we pooled results for all drinking water samples for a given household and used this number in the logistic regression analysis. The log of the median CFU value was used in logistic models, and binary case status was the outcome variable. The median household value was used because it is a more robust measure of central tendency than the mean. Data were log-transformed to evaluate the effect of an order of magnitude, rather than a unit change in microbial contamination. The logistic model determines the odds ratio, which is a measure of the power of each indicator to predict diarrheal disease outcome. An odds ratio of 1 indicates that diarrheal disease is equally likely regardless of exposure to indicator organisms in the water. Any value above unity suggests that increasing exposure to indicator organisms increases the odds of a household of one of its members having a case of diarrhea.
Using the procedure of Moe and others, 19 we carried out a stratified analysis to determine the risk ratio of a household becoming a case depending on five categories of exposure (0, 1-10, 11-100, 101-1,000, and 1,000 CFUs/100 mL), and on high versus low exposure ( 1,000 versus 1,000 CFUs/ 100 mL).
Reliability. We also compared the different indicators according to other criteria to assess the reliability of the assays. To test the ability of the indicators to detect contamination as a result of human activities above the background levels of indicator organisms, samples were taken from waters at two sites considered to be free of human contamination: 1) a fast-flowing river upstream of any human settlement; and 2) surface water flowing over a vertical rock face upstream of human traffic. The distributions of 36 samples from these relatively undisturbed sites were compared with those of surface water samples downstream of human habitation by using the Wilcoxon rank-sum (Mann-Whitney) test.
To test for reproducibility of indicator test results, repeated laboratory assays of the same sample (laboratory duplicates) and repeated samples of the same water source (field duplicates) were compared. Agreement of paired samples of 41 field duplicates and 49 laboratory duplicates were assessed by using Spearman's rank correlation and percentage agreement of presence-absence results. Additionally, we report cross-comparisons of results of the different tests for all samples tested.
RESULTS
A total of 1,405 samples were collected and processed, although not all samples were processed with each assay. A summary of results by water type and indicator assay is shown in Table 3 . All of the sample types are poor quality water according to the World Health Organization drinking water quality guidelines of 60% of samples negative for E. coli as characteristic of a poor quality of water supply. 20 Associations with disease. The two-week period prevalence and characteristics of each of the villages visited is summarized in Table 2 . The results of the logistic analysis suggest that none of the indicator assays was a good predictor of diarrheal disease outcome in this setting. Almost all of the 95% confidence intervals (CIs) of the odds ratios cross unity (Figure 1 ), suggesting that a one order of magnitude increase in exposure to indicator organisms did not have a significant effect on disease outcome. The only exception was for E. coli measured by mI medium, for which the entire 95% CI was 1.0 for samples from household containers and for samples from household containers and source waters for a particular house. Using this assay, we found that a one unit increase in log 10 household median counts of E. coli in household containers resulted in a 1.29 (95% CI = 1.02-1.65) increased odds of a household having a case of diarrhea; a one unit increase in log 10 household median counts of E. coli in household containers combined with samples collected at the source resulted in a 1.18 (95% CI = 1.02-1.37) increased odds of a case of diarrhea in the household. For all of the estimates of association between exposure to indicator organisms in source water and diarrheal disease outcome, the point estimate of the odds ratio is 1.0, but the 95% CI crosses unity. Stratified analyses did not show a dose-response effect with different categories or a threshold effect with two categories of exposure ( 1,000 versus 1,000 CFUs/100 mL).
Reliability. The assays that best distinguished between water samples from sites upstream of human contamination versus samples from sites downstream of human contamination were the three tests for E. coli: membrane filtration with mCB medium (P = 0.0001), petrifilms (P = 0.01), and mI medium (P = 0.05). A high number of enterococci was cultured from the samples taken from the vertical rock face. No significant difference was seen between upstream and downstream sites when assayed for enterococci (using mEI medium) or somatic coliphage (Table 4) . Agreement of test results for all techniques assessed is shown in Table 5 . The E. coli tests have the highest agreement with one another, and the coliphage has the lowest agreement with any of the other tests because it is the only non-bacterial indicator organism. These values are similar to correlations between indicators found by Moe and others, 19 which ranged from 0.58 to 0.85.
The duplicate test results for both field and laboratory duplicates are shown in Table 6 . Surprisingly, across all indicator assays, laboratory duplicates showed less consistency than field duplicates. Petrifilms showed the poorest consistency for laboratory duplicates. The results for mCB medium must be interpreted with caution because of the small sample sizes.
Because they were not limited by sample volume, the three membrane filtration techniques had fewer non-detectable results and therefore a higher percentage of results in a countable range compared with petrifilms and coliphage, which were limited by low sample volumes (Table 7) .
DISCUSSION
In this study, we evaluate a group of microbiologic indicators of water quality to assess infectious disease health risk in six villages in rural Ecuador that rely mostly on untreated drinking water. In this context, E. coli outperform the other indicator organisms tested, yet our results point to the importance of careful consideration of sample size and other study design issues when using any indicator of water quality for purposes other than evaluation of the effectiveness of water treatment processes.
Of the five assays tested, only E. coli as measured with mI agar detected a significant association with diarrheal disease outcome. The association was fairly small and inconsistent between categories of samples analyzed. Petrifilms exhibited an even greater association with disease outcome (higher point estimate for the odds ratio), but the 95% CI crossed 1.0; the CIs for this indicator assay were greater because of the larger range of values over which petrifilms were estimated (detection limit ranged from 16.7 to 45,000 CFUs/100 mL) (Figure 1) .
In this study, the number of cases of diarrhea and number of household water samples might not have been high enough to detect associations between indicator organisms and diarrheal disease. This observation can be observed in the differing results for the E. coli assays using mCB medium compared with those using mI agar. The point estimates are similar, yet the CIs are greater for the mCB assays because of lower sample sizes. The estimates for petrifilms had higher point values for household samples and household drinking water samples than any other OR estimate, and the CIs were almost all 1.0, despite the high uncertainty in the estimates (Figure 1 ). With even higher sample sizes, all of the assays for E. coli might show a significant relationship with disease. Conversely, the assay for enterococci had higher sample sizes than the mI assay for E. coli and still showed no association with disease outcome. The coliphage assay also had similar sample sizes to the mI assay, and had a similar sample volume compared with petrifilms, yet showed weak associations with disease. Thus, of the indicator organisms tested, E. coli appears to be the best predictor of diarrheal disease. A similar study comparing several different indicators of fecal contamination in a tropical environment (in Cebu, The Philippines) found a significant association with disease for enterococci by using mE and testing for esculin hydrolysis on esculin-iron agar, and for E. coli by using mTEC agar. 20 This study used a serial cross-sectional case study design, and had the advantage of a higher total number of cases of diarrhea (277) and number of water samples tested ( 2,000), which may have led to the increased significance of results. Using the same analysis techniques as used here (logistic regression of case status versus log 10 of the indicator density per 100 mL), the authors found an odds ratio of 1.18 (95% CI = 1.05-1.31) and 1.14 (95% CI = 0.99-1.31) for case status as predicted by E. coli and enterococci, respectively. The results also showed an exposure threshold effect of water quality on disease rates, with exposure 1,000 CFUs/100 mL associated with an increased risk of disease. A similar categorical threshold effect was not observed here, but this might have been caused by the lower number of samples in the highest exposure category.
In addition to a larger sample size, another difference from the study of Moe and others 19 is the types of water samples tested. In that study, the water sources included protected springs, wells, boreholes, and a piped water supply, as opposed to the unprotected surface waters in our Ecuador site. Because the initial source waters were cleaner, Moe and others 19 may have had increased power to detect a differential effect of clean versus contaminated waters.
All of the indicator organisms used in this study are excreted by warm-blooded animals, 21 and also have the potential to grow in the environment, especially in tropical climates. [6] [7] [8] [9] [10] However, indicator organisms may still be able to identify recent contamination from human feces if the relative level of contamination is higher from humans compared with the other sources. In our field site, enterococci or somatic coliphage could not distinguish between contamination levels in samples taken from sites upstream of human settlement versus sites downstream or in the midst of human settlements that were subject to ample sources of human fecal contamination given the sanitation conditions in the villages. The three E. coli tests distinguished between the two sites, but geometric mean counts of 39-300 CFUs/100 mL were still observed in the upstream sites.
The assay for enterococci was less successful than that for E. coli in detecting a contamination gradient, 22 suggesting that it might be more naturally prevalent in surface waters of the study region. The ratio of fecal streptococci to fecal coliform is known to be higher in most animal feces than in human feces, 23 which might explain the higher enterococci (a subset of fecal streptococci) concentrations that we found in upstream waters, which were likely contaminated by animal feces. Thus, enterococci may not be a good indicator of drinking water quality for untreated surface water sources compared with the protected sources studied by Moe and others. 19 In addition, in our own laboratory spiking experiments, enterococci were consistently absent from the feces of one person, 22 and in other studies of human populations enterococci were absent from both neonates and adults, 24 which is disconcerting, given that presence in human feces is a key requirement of indicator organisms. In a review of pathogen-indicator correlations in water samples, enterococci were the only indicators that were not significantly correlated with pathogens. 25 For these reasons, we do not recommend enterococci as an indicator of household or source drinking water quality for untreated surface waters in tropical regions. There was little basis for differentiating the assays by consistency of results (Tables 5 and 6 ). None of the assays were perfect, and the E. coli results for petrifilms had low consistency for laboratory duplicates. Not enough samples were duplicated for the samples tested using mCB agar to evaluate this assay for consistency.
The three membrane filtration techniques had a higher percentage of results in a countable range as compared with petrifilms and coliphage because the latter two techniques were limited by low sample volumes (Table 7 ). In situations with high levels of contamination, such as found in our study area, these low volume techniques can be useful for water quality testing, but in sites with improved water supplies their utility would be limited. A previous study comparing petrifilms to mCB, mTEC, and the IDEXX Quanti-Tray system, which all assay E. coli, found comparable results when 1-mL samples were consistently used. 26 As discussed above, ease of use in a field situation is of paramount importance for research in remote regions or locations without a developed infrastructure, and cost may also be a factor. Because of the amount of material required and the complexity of the protocols involved (maintaining a host organism, warming up agar tubes), coliphage was the most difficult test to carry out in the field. In situations where better laboratory facilities are available, coliphage (specifically F-specific RNA coliphages) might prove more useful. 27 Of the three membrane filtration techniques, mCB was the easiest to use because no medium had to be prepared ahead of time, as with the mI and mEI agars. However, other researchers have found problems with this culture medium. 28, 29 Petrifilms were the easiest test to carry out and could be handled by someone with little microbiology experience. Petrifilms had the lowest cost ($1.00/test), followed by membrane filtration with mI agar ($1.40/test), coliphage ($1.80/test), membrane filtration with mCB ($2.20/test), and mEI ($2.40/test).
Our study was limited by logistical constraints of our field setting. Thus, some of the variability may have been contributed by field laboratory conditions. For example, our E. coli assays were incubated at ambient air temperatures, whereas the commercial tests and media used have been optimized for use at 35 ± 2 C. However, other assessments suggest that reliable results are found when incubating E. coli at these or similar temperatures with the same culture media. 30, 31 Petrifilms can also be useful as a pedagologic tool for community educational seminars about drinking water quality. We used petrifilms to teach community health workers with no microbiology training about water contamination and the effects of water treatment. They proved to be an effective teaching tool because the health workers could inoculate the plates themselves and observe bacterial growth in their water supply. This is not the first study in which weak or no relationships have been found between indicators of water quality and incidence of diarrheal disease, and we believe this finding warrants extensive consideration of the use of indicators in studies of waterborne disease. In a systematic review of water quality and diarrhea, no clear relationship was found between diarrhea and microbial contamination of drinking water at the point of use. 2 Jensen and others 28 also found no association between bacterial drinking water quality and incidence of diarrhea in a one-year prospective study in rural Pakistan. In rural India, a recent study identified positive but non-statistically significant associations between diarrhea in children less than five years old and H 2 S-producing bacteria and E. coli indicators (Colford JM Jr., unpublished data). Even in temperate areas, there is poor evidence relating indicators of drinking water quality to health outcomes. 3 There are several possible explanations for the lack of association observed between the indicators assessed and diarrheal disease. First, not all diarrheal disease pathogens are transmitted exclusively via water. The bacterial, viral, and protozoan agents of diarrheal illness can also be transmitted by food, fomites, personal contact, and in some cases via droplets in air. By measuring relative levels of contamination of water, we are therefore focusing only on one of several possible routes of exposure to these enteric pathogens. Thus, we should expect water contamination to explain only a portion of disease incidence.
Second, measuring the fraction of diarrheal disease attributable to waterborne transmission suffers from a lack of specificity in measures of outcome and exposure. Diarrhea, the outcome of interest, is a non-specific symptom, rather than a disease caused by one particular etiologic agent. Only a fraction of diarrheal illness can be traced to a particular infectious agent. Some diarrhea is known to be non-infectious in nature and rather caused by lactose intolerance, irritable bowel syndrome, and various other conditions. Nutritional status, immunologic status, and genetic factors of a person also play a large role in determining disease outcome.
Third and less often recognized is the inherent difficulty in measuring exposure. By definition indicator organisms, the current most often used measures of exposure to microbiologic quality of water are only a proxy for pathogens. In a recent review of the literature analyzing a dataset of 540 pathogen-indicator relationships published during 1970-2009, Wu and others 25 found that only 41% showed correlations between indicators and pathogens. A comprehensive report on indicators for waterborne pathogens by the U.S. National Research Council also noted the lack of evidence correlating indicators of waterborne pathogens, the pathogens themselves, and adverse human health effects. 3 Measurement variability is also a serious issue in assessing water quality, the exposure of interest. This finding is especially relevant when assessing surface water supplies but also applies to household water samples. Household water quality may be influenced by original source water quality, turbidity, matrix effects, periodic contamination events, die-off, and other factors. High variability in measurements of indicator concentrations have been observed in this study region 32 and in temperate coastal waters 33 from short to long timescales. Wu and others 34 found that the density of E. coli in an urban watershed in Massachusetts displayed a high degree of spatial and temporal variability, and was highly influenced by both weather and surrounding land use. Wide variability has been observed between the ten U.S. EPA-approved tests to detect and quantify total coliforms and E. coli.
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Because of the inherent noise in the system caused by such extreme variability, sample size is a critical consideration when carrying out studies of water quality and health. In the review by Wu and others, 25 the most important factor in determining correlations between indicator-pathogen pairs were the sample size and the number of samples positive for pathogens. Pathogen sources, detection methods, and other variables had little influence.
Most epidemiologic studies have been based on a low water quality sampling frequency, and sampling is not carried out over a long period of time. To gain more accurate results, researchers should take measurement variability into account when designing and powering studies that aim to detect an association between water quality indicators and health outcomes, and adjusting the sampling frequency as needed to properly characterize the microbial contamination of water samples according to the noise inherent in the water quality samples in their system.
The practice of using indicator organisms to detect fecal contamination was developed, mostly in temperate areas, to suggest the presence of pathogens. 21 Indicators have subsequently been applied in other contexts, such as studies using indicators as a proxy measurement to assess the relative risk of disease under differing conditions, which may not be appropriate given the lack of evidence supporting strong associations between indicator organisms and pathogens that represent true disease risk.
Given the problems with measuring indicators of fecal contamination as a proxy for disease risk, indicator organisms can still be useful as a comparative tool when examining environmental contamination. For example, these organisms can be used to test relative contamination levels of different water sources or containers from source waters with similar background levels of indicators to assess recontamination in the household and to assess seasonal changes in source waters. Indicator organisms can also be quite useful when assessing the effectiveness or efficacy of in-home treatment devices or source water supply improvements, as process indicators about whether a device works, and also for monitoring for intrusion of sewage into water delivery systems.
In this study location, we have carried out several studies using indicator organisms to understand patterns in-home and source water quality and treatment efficacy and effectiveness. In one study, we observed a decrease in indicator bacteria after water was transferred from the source to household storage containers, but then an increase caused by recontamination of water in the home, providing insights into the phenomenon of in-home recontamination. 35 In another, despite extensive variability in indicator counts in source waters observed on an hourly and daily basis ( 2 log difference), we were able to observe seasonal differences in counts and relate these differences to environmental and anthropogenic drivers of contamination, and the different time scales at which these factors act. 32 In this study, E. coli indicators performed better overall than the other indicator organisms with respect to associations with disease outcomes, reliability, and field utility. Given the extensive variability inherent in indicator measurements, the fact that we were able to detect some associations between household drinking water and diarrheal disease outcome suggests that the associations may exist. However, higher sample sizes are needed to account for the inherent variability in water quality exposure measurements using indicator organisms. Future studies should take this variability into account when designing studies relating water quality to health outcomes. Researchers must recognize that indicator organisms are proxy measures that may be too blunt a tool for the purposes of water and health research.
Review of the literature provides weak evidence to support the idea that microbial indicators and health risk are associated. On the basis of this finding and consistent with the results of this case study, researchers should exercise caution in using indicators as direct proxies for evidence of health risk. Further work is necessary to create more precise ways of studying the role of water in the transmission of waterborne disease, including development of time and cost-effective methods for detecting pathogens directly, microbial source tracking, and other methods, especially in resource-limited settings.
